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Edited by Michael R. BubbAbstract The nucleoporin Nup358 resides on the cytoplasmic
face of the interphase nuclear pore complex (NPC). During
metaphase, its recruitment to kinetochores is important for cor-
rect microtubule-kinetochore attachment. Here, we report that a
fraction of endogenous Nup358 interacts with interphase micro-
tubules through its N-terminal region (BPN). Cells overexpress-
ing the microtubule targeting domain of Nup358 displayed
dramatic alteration in the microtubule organization including in-
creased microtubule bundling and stability. Ectopic expression of
BPN and full-length Nup358 exhibited signiﬁcantly higher levels
of acetylated microtubules that were resistant to nocodazole, a
microtubule depolymerizing agent. Furthermore, RNAi mediated
depletion of Nup358 aﬀected polarized stabilization of micro-
tubules during directed cell migration, conﬁrming the in vivo role
of Nup358 in regulating interphase microtubules.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Nup358 (also called RanBP2) is a large mammalian nucleo-
porin that possesses multiple domains, including a cyclophilin
homology domain, a domain that functions as a ligase for
ubiquitin-like modiﬁers of the SUMO family, domains that
bind the GTP- and GDP-bound forms of the Ran GTPase, a
leucine-rich region (LRR) and a region that contains numer-
ous motifs for binding to nuclear transport receptors [1–4].
Nup358 localizes to metaphase spindles and kinetochores in
a microtubule-dependent manner [5], where it is important
for microtubule–kinetochore interactions [6–8]. Ran controls
mitotic microtubule dynamics and spindle assembly by regu-Abbreviations: Nup358, nuclear pore protein 358; RanBP2, Ran
binding protein 2; BPN, N-terminal region of RanBP2; GFP, green
ﬂuorescent protein; EGTA, ethylene glycol-bis(b-aminoethyl ether)-
N,N,N 0,N 0-tetra acetic acid; DMEM, Dulbeccos modiﬁed Eagles
Medium; NPC, nuclear pore complex; Ran-GTP, guanosine triphos-
phate bound form of Ran; LRR, leucine rich region
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doi:10.1016/j.febslet.2007.11.087lating the binding and release of spindle assembly factors from
Ran-GTP binding proteins that act as nuclear transport recep-
tors during interphase [6,9,10].
To better understand the role of Nup358 in controlling the
microtubule cytoskeleton, we examined its recruitment to
microtubules throughout the cell cycle. We found that a pool
of Nup358 associated with interphase microtubules, and that
this association is mediated through its N-terminal region
(BPN). Overexpression of BPN markedly altered interphase
microtubule organization. Our ﬁndings suggest an unexpected
role for Nup358 in regulating interphase microtubule assem-
bly, and indicate that its interaction with the microtubule cyto-
skeleton is not limited strictly to mitosis.2. Materials and methods
2.1. Cell culture
COS-7 and CHO-K1 cells were cultured in Dulbeccos modiﬁed
Eagles Medium (DMEM) or Hams F12 medium supplemented with
10% FBS at 37 C in a humidiﬁed incubator with 5% CO2, respec-
tively.2.2. Nup358 RNA interference (RNAi)
RNAi was performed according to Elbashir et al. [11]. Cells were
transfected with annealed double-stranded RNA oligonucleotides
(Qiagen) by using Oligofectamine (Invitrogen) at a ﬁnal concentration
of 100 nM. The target gene sequences used for generating the
oligonucleotides were as follows: control (non-silencing) siRNA,
5 0-AATTCTCCGAACGTGTCACGT-30 (Qiagen); Nup358 (425–445
nt), 5 0-AAGGTGAAGATGGATGGAATA-30. For Nup358 RNAi,
CHO-K1 cells were transfected with annealed siRNAs for 24 h,
washed with PBS, and allowed to grow in DMEM containing 10%
FBS and antibiotics for the indicated times.2.3. Plasmid constructs and transfection
The details for generating green ﬂuorescent protein (GFP) tagged
version of full length human Nup358 will be available upon request.
In brief, pBlueScript-human Nup358 (a gift from Takeharu Nishimoto,
Japan), was used for cloning the open reading frame (ORF) into pEG-
FP-C2 (Clontech) at NotI (engineered site) and XhoI sites to generate
pEGFP-full-length Nup358. Internal ApaI sites present in the Nup358
ORF were used to subclone BPN (1–900 amino acids), BPM (901–2219
amino acids) and BPC (2220–3224 amino acids) into appropriate pEG-
FP-C vectors (Clontech) to produce the corresponding Nup358 frag-
ments with GFP fused at their N-termini. For deletion analysis of
BPN, speciﬁc primers were used to amplify regions corresponding to
1–200, 1–400, 1600, 200–900, 400–900 and 600–900 amino acids, with
pEGFP-BPN as the template. The PCR products were cloned at KpnI
and SmaI sites of pEGFP-C2. Transfections were performed with
eﬀectene reagent (Qiagen) as per manufacturers instruction.blished by Elsevier B.V. All rights reserved.
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Aﬃnity puriﬁed Rabbit polyclonal antibodies against Nup358 have
been described earlier [7]. Immunoﬂuorescence studies were performed
as described [5], except that the cells were directly ﬁxed with either ice
cold methanol or methanol: acetone (1:1) with 1 mM ethylene
glycol-bis(beta-aminoethyl ether)-N,N,N 0,N 0-tetra acetic acid (EGTA)
and quickly washed with 0.1% triton X-100 in phosphate-buﬀered
saline (PBS) or tris-buﬀered saline (TBS) before primary and second-
ary antibody incubations. Images were acquired with a Zeiss LSM
510 system or Zeiss Axiovert 200 M and processed in Adobe Photo-
shop. The antibodies used for immunoﬂuorescence, their sources and
dilutions are as follows; Rabbit polyclonal anti-Nup358 (1:1000),
Mouse anti-a-tubulin (Sigma–Aldrich, 1:2000), Mouse anti-acetyl-a-
tubulin (Sigma–Aldrich, 1:5000), mAb414 (Covance, 1:1000), Rabbit
anti-Glu-tubulin (Chemicon, 1:500).
2.5. Cell migration assay
CHO-K1 cells were subjected to RNAi for 24 h and then serum-
starved with 0.2% FBS for 12 h. Conﬂuent monolayer cells were then
wounded by scratching with P20 pipette tips and provided with growth
medium containing 10% FBS for 36 h. Phase contrast images were
obtained to assess the extent of wound closure. For immunoﬂuorescent
analysis of the cells moving into the wound (Fig. 6B), ﬁxation and
staining were performed 6 h after wounding.3. Results and discussion
3.1. Nup358 associates with interphase microtubules through
its N-terminal region
While the bulk of Nup358 is associated with NPCs during
interphase, immunostaining with anti-Nup358 antibodies con-Fig. 1. Nup358 associates with interphase microtubules. (A) CHO-K1 cel
microtubules (green) using speciﬁc antibodies. Arrow indicates cellular exten
panel shows a lower exposure of Nup358 staining, revealing that the bulk of
by RNAi were ﬁxed and stained for endogenous Nup358 (red) and microtubu
a long exposure for anti-Nup358 staining, comparable to the upper panels
Nup358 are dramatically reduced.sistently shows staining of Nup358 within the cytoplasm of
mammalian cells (Fig. 1). Close examination revealed that
Nup358 exists as small puncta distributed throughout the cyto-
plasm, and particularly enriched at cell extensions (Fig. 1A).
To examine whether cytoplasmic Nup358 associates with
microtubules in interphase cells we immunostained CHO-K1
cells for endogenous Nup358 and tubulin (Fig. 1A). Remark-
ably, the endogenous Nup358 puncta often colocalized with
microtubules, particularly at cell extensions (Fig. 1A, arrow).
At lower exposure, the nuclear pore localization is distinctly
evident (Fig. 1A, arrow head). Nup358 antibody that was neu-
tralized with the antigen used for immunization showed no
staining of either puncta or nuclear pores, indicating the spec-
iﬁcity of the antibody used (data not shown). Moreover, RNA
interference mediated knockdown of Nup358 signiﬁcantly
reduced the nuclear membrane and cytoplasmic staining of
endogenous Nup358 (Fig. 1B). Together, these results suggest
that in addition to its well characterized nuclear pore localiza-
tion, Nup358 exists in a cytoplasmic pool that interacts with
interphase microtubules in vivo.
To characterize the region of Nup358 required for microtu-
bule association, diﬀerent green ﬂuorescent protein (GFP)-
tagged Nup358 fragments were transiently expressed in COS-7
cells and monitored for their localization. Ectopic expression
of an N-terminal fragment that includes the leucine-rich region
LRR (residues 1–900, here called BPN; Fig. 2A) resulted in its
localization to ﬁlamentous cytoplasmic structures, which
upon constraining with anti-tubulin antibodies conﬁrmed tols were ﬁxed and immunostained for endogenous Nup358 (red) and
sion where Nup358 partially colocalizes with microtubules. The lower
Nup358 is associated with nuclear pores. (B) Cells depleted of Nup358
les (green), under conditions identical to those used in (A). Image shows
in (A). Note that both NPC-associated and cytoplasmic staining of
192 J. Joseph, M. Dasso / FEBS Letters 582 (2008) 190–196be interphase microtubules (Fig. 2B, insert, arrow). By contrast,
GFP alone showed no colocalization withmicrotubules, nor did
GFP fusions to the middle (residues 901–2219; GFP-BPM) or
C-terminal regions (residues 2220–3224; GFP-BPC) of
Nup358 (data not shown). In addition to microtubule decora-
tion, in some cells GFP-BPN could also be seen as vesicle-like
puncta (Fig. 2C) possibly suggesting that BPN could exist in
either of these two populations. However, theGFP-BPNpuncta
were often juxtaposed to microtubules (Fig. 2C, arrow). Inter-
estingly, ectopically expressed GFP-tagged full length Nup358
(GFP-FL-Nup358) appeared within similar cytoplasmic puncta
in most cells. Costaining with tubulin showed a remarkable cor-
respondence between cytoplasmic GFP-FL-Nup358 puncta
and microtubules (Fig. 2C, arrow head). It is noticeable that
endogenous Nup358 shows punctate cytoplasmic staining that
is similar to the ectopically expressed GFP-FL-Nup358 and
GFP-BPN, except that the endogenous Nup358 puncta are
smaller (Figs. 1 and 2C). We speculate that the diﬀerence in size
between ectopically expressed and endogenous Nup358 puncta
is due to the diﬀerence in the levels of Nup358. Collectively, the
results suggest that Nup358 associates with microtubules
through its N-terminal region.Fig. 2. The N-terminal region targets Nup358 to interphase microtubules. (A)
Leucine-rich region; R, RanBP1-like Ran-GTP binding domain; IR, interna
BPN corresponds to the N-terminal 900 amino acids. (B) GFP-BPN colocaliz
or GFP-BPN and 48 h later were ﬁxed as described in Section 2. The cells wer
stained with Hoechst (blue). Arrow indicates the colocalization of GFP-BPN
and shows no concentration at microtubules. (C) GFP-BPN and GFP-fu
cytoplasm that partially colocalizes with microtubules. Cells overexpressin
tubulin (red). Arrows and arrow heads indicate punctate staining of GFP-B3.2. Expression of BPN alters microtubule organization
We wished to investigate whether the microtubule targeting
region of Nup358 (BPN) has any signiﬁcant eﬀect on the
microtubule organization. In normal (untransfected) cells,
microtubule arrays are anchored at the centrosome and orga-
nized radially throughout the cytoplasm (Fig. 3A, arrow
head). By contrast, in GFP-BPN overexpressing cells the
microtubules arrays were less focused at the centrosome and
were often present as thick bundles around the nucleus
(Fig. 3A, arrow), suggesting that GFP-BPN might alter micro-
tubule dynamics and thereby its organization. Consistent with
this idea, staining with antibodies against acetylated a-tubulin
or detyrosinated a-tubulin (Glu-tubulin), two markers for
stable microtubules [12–14], showed greatly enhanced levels
of both modiﬁcations in GFP-BPN expressing cells (Fig. 3B
and C), whereas untransfected cells on the same coverslips
showed very few stable microtubules.
3.3. BPN harbours overlapping sequences that mediate nuclear
pore and microtubule targeting
At lower levels, BPN showed localization to the nuclear pore
complex (NPC) as conﬁrmed by costaining with mAb414, aSchematic representation of Nup358 showing diﬀerent domains. LRR,
l repeats; CHD, Cyclophilin homology domain. The region shown as
es with interphase microtubules. COS-7 cells were transfected with GFP
e stained for microtubules with anti-a-tubulin antibody (red). DNA was
with microtubules. Note that GFP is distributed in a disperse fashion,
ll-length-Nup358 (GFP-FL-Nup358) shows punctate staining in the
g GFP-BPN or GFP-FL-Nup358 (green) were ﬁxed and stained for
PN and GFP-FL-Nup358, respectively.
Fig. 3. Ectopic expression of BPN alters microtubule organization and dynamics. (A) COS-7 cells transfected with GFP-BPN (green) were ﬁxed and
stained for microtubules (red) using a-tubulin antibodies. Note that the microtubule organization is dramatically aﬀected in GFP-BPN transfected
cells (arrow) as compared to untransfected cells (arrow head). DNA (blue) was visualized by Hoechst staining. (B) GFP-BPN transfected cells (green)
were ﬁxed and stained for acetylated microtubules (red) using anti-acetyl-a-tubulin antibodies. Note that the GFP-BPN decorating microtubules are
highly acetylated. (C) GFP-BPN transfected cells (green) were stained for detyrosinated microtubules (red) using anti-Glu-tubulin antibodies. Note
that the GFP-BPN expressing cells have signiﬁcantly higher levels of Glu-tubulin containing microtubules.
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nucleoporins (Fig. 4A), suggesting that this fragment also con-
tains the NPC targeting domain of Nup358. To delineate the
regions of BPN involved in microtubule and nuclear pore asso-
ciation, fusions of GFP to diﬀerent fragments of BPN were
expressed in mammalian cells (Fig. 4B). The region corre-
sponding to residues 600–900 of full length Nup358 was suﬃ-
cient for targeting to the nuclear pore. However, microtubule
association was not observed among any of the fragments, sug-
gesting that microtubule targeting requires sequences through-
out BPN. We conclude that BPN harbours overlapping
sequences that mediate nuclear pore and microtubule associa-
tion, but that the requirements for these localization patterns
are not identical.
3.4. Expression of GFP-BPN and GFP-FL-Nup358 increases
microtubule stability
To test the hypothesis that overexpression of BPN or FL-
Nup358 altered the stability of microtubules, cells overexpress-ing the GFP-BPN or GFP-FL-Nup358 were subjected to
nocodazole treatment (10 lM, 30 min) and later ﬁxed and
stained for acetylated a-tubulin. Nocodazole-resistant stable
microtubules were greatly increased in cells overexpressing
GFP-BPN or GFP-FL-Nup358 as compared to cells with
GFP expression (Fig. 5). Signiﬁcant populations of stable,
acetylated microtubules were more consistently found in
BPN overexpressing cells (68%, n = 200) as compared to
GFP-FL-Nup358 (42%, n = 100) and GFP (17%, n = 200)
expressing cells. Together, these results suggest that Nup358
has a microtubule stabilizing function, and the GFP-BPN frag-
ment acts in a dominant or unregulated manner as far as
microtubule binding and stabilization are concerned.
3.5. Nup358 RNAi leads to impaired stabilization of
microtubules and directional cell migration
In migrating cells, polarized stable microtubules are
formed, which are post-translationally modiﬁed and can be
stained by speciﬁc antibodies [15]. To assess whether
Fig. 4. BPN contains overlapping sequences that mediate Nup358 targeting to nuclear pores and microtubules. (A) Cells expressing low levels of
GFP-BPN (green) were ﬁxed and stained with mAb414 antibodies (red), which recognize FxFG containing nucleoporins. DNA was stained with
Hoechst (blue). (B) The region corresponding to residues 600–900 of full length Nup358 is suﬃcient for targeting to the nuclear pore. COS-7 cells
were transiently transfected with the indicated constructs, ﬁxed and analyzed for nuclear membrane localization as well as microtubule association by
immunoﬂuorescence (IF).
Fig. 5. Ectopic expression of GFP-BPN and GFP-FL-Nup358 increases microtubule stability. GFP, GFP-BPN or GFP-FL-Nup358 (green)
overexpressing cells were subjected to nocodazole treatment (10 lM, 30 min) and later ﬁxed and stained for stable microtubules (red) using anti-
acetyl-a-tubulin antibodies. DNA (blue) was visualized by Hoechst staining.
194 J. Joseph, M. Dasso / FEBS Letters 582 (2008) 190–196
Fig. 6. Nup358 RNAi aﬀects microtubule stability and directional cell migration. CHO-K1 cells were treated with control and Nup358 siRNA and
were subjected to wound induced cell migration assay as described in Section 2. (A) Cells were ﬁxed and stained for total microtubules (green) and
detyrosinated microtubules (red) using mouse anti-a-tubulin and rabbit anti-Glu-tubulin antibodies, respectively. DNA was stained with Hoechst
(blue). (B) The phase contrast micrograph shows the extent of cell migration into the wound.
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in vivo, CHO-K1 cells were subjected to RNAi treatment
and wound healing assay was performed as described in Sec-
tion 2. Six hours after wounding, cells were ﬁxed and ana-
lyzed for microtubule stability using Glu-tubulin antibodies.
Nup358 depleted cells at the boarder displayed signiﬁcantly
reduced levels of Glu-microtubules as compared to the con-
trol RNAi cells (Fig. 6A), indicating that Nup358 plays a role
in the stabilization of microtubules during directional cell
migration. Consistent with the role of polarized microtubules
in cell motility, Nup358 depleted cells had defective cell
migration as compared to control RNAi cells (Fig. 6B).
Together, these results suggest an in vivo role for Nup358
in regulating the interphase microtubule dynamics during cell
migration.
In conclusion, previous studies have shown that Nup358
binds to mitotic spindles and kinetochores, and deﬁned a role
for Nup358 during mitosis in mediating proper kinetochore–
microtubule interactions [5–8]. Our ﬁndings suggest that
Nup358 also interacts with interphase microtubules through
its N-terminal region (Figs. 1 and 2) and modulates their sta-
bility in vivo (Figs. 3, 5 and 6). It is attractive to speculate that
such regulation could be mechanistically related to Nup358s
function at mitotic kinetochores [6–8]. In this case, it will be
of considerable interest to determine how the Ran GTPase
may be involved in Nup358s control of interphase microtu-
bule dynamics. Since the concentration of Ran-GTP is low
in interphase cytosol [16,17], complexes of Ran-GTP with
either RanBDs of Nup358 or with Ran-binding nuclear trans-
port receptors should be commensurately scarce. It would thus
be expected that relatively small increases in the absolute
concentration of Ran-GTP could have a substantial eﬀect in
this context. In any case, our results highlight an unanticipated
role for Nup358 in regulating cytoplasmic events during inter-
phase, and open up new avenues to explore additional roles for
nucleoporins in diﬀerent cellular processes, including those
requiring a close coordination between the nuclear and cyto-
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